Colorectal cancer (CRC) is increasingly appreciated as a heterogeneous disease, with factors such as microsatellite instability (MSI), cancer subsite within the colon versus rectum, and age of diagnosis associated with specific disease course and therapeutic response. Activating oncogenic mutations in KRAS and NRAS are common in CRC, driving tumor progression and influencing efficacy of both cytotoxic and targeted therapies. The RAS mutational spectrum differs substantially between tumors arising from distinct tissues. Structure-function analysis of relatively common somatic RAS mutations in G12, Q61, and other codons is characterized by differing potency and modes of action. Here we show the mutational profile of KRAS, NRAS, and the less common HRAS in 13,336 CRC tumors, comparing the frequency of specific mutations based on age of diagnosis, MSI status, and colon versus rectum subsite. We identify mutation hotspots, and unexpected differences in mutation spectrum, based on these clinical parameters.
C olorectal cancer (CRC) is the fourth most common cancer in the United States, with an estimated 135,430 new cases diagnosed in 2017 and 50,260 deaths in the same year 1 . While the overall survival (OS) at 5 years is 65%, in patients with metastatic disease this rate drops to 14% 1 . Ongoing efforts to improve diagnosis and treatment for CRC depend on more accurate understanding of disease biology. For CRC, as for many cancers, a disease once considered as uniform is being increasingly divided into discrete subclasses, based on the integration of molecular and clinical analyses. For example, microsatellite stable (MSS) CRC tumors have distinct etiology and treatment recommendations from CRC with a high level of microsatellite instability (MSI-H) 2 . Other potentially important distinctions are emerging, such as formation of tumors on the right or left side of the colon 3, 4 .
While typically grouped together, cancers arising in the colon differ from those arising in the rectum in several clinically important ways. First, early-stage patients with colon cancer demonstrate improved survival over rectal cancer in stage IIB, while in stages IIIC and IV the opposite is true 5, 6 . Interestingly, although the incidence of CRC has been increasing over time, particularly among young patients, the increase has been more notable in rectal cancer 7, 8 . Second, rectal cancer is treated differently from colon cancer, with preoperative radiation with or without chemotherapy required to achieve acceptable locoregional control in rectal cancer 9 . Because rectal cancer is less common than colon cancer (28% of total CRC cases in the United States), data sets to analyze molecular differences have been limited 10 . Further complicating the analysis, the natural history of CRC appears different in old versus young patients, as evidenced by increased lymph node metastasis rates in younger patients, possibly suggesting a difference in biology 7 . To date, examinations of age of onset as a factor influencing molecular differences in CRC have also been limited, with the notable exception of MSI. MSI is more commonly found in younger patients, potentially due to the activity of inherited damaging variants in genes associated with DNA repair, which tends to lead to an early-onset disease 11 . Additionally, one recent publication has shown increased alteration of TP53 and CTNNB1 in youngers patients, with older patients demonstrating increases in APC, KRAS, BRAF and FAM123B alterations 12 .
The three RAS GTPases (KRAS, NRAS, and HRAS), and particularly the family member KRAS, are the most commonly mutated oncogenes in cancer 13 . KRAS and NRAS have been reported to have activating missense mutations in~40 and 3-5% of CRCs, respectively 14, 15 . Both preclinical and clinical data show that the specific codon mutated, and the sequence to which it is mutated, differentially impact the activity of the protein, the prognosis, and the response to epidermal growth factor receptor (EGFR)-directed therapy in patients with CRC [16] [17] [18] [19] [20] [21] [22] . In this study, we describe the frequency of missense mutations and copy number variation (CNV) of wild-type (wt) and mutated alleles of KRAS and NRAS in a very large dataset of 13,336 CRC tumors from patients profiled by Foundation Medicine (FM) Inc. We separately report results based on occurrence in MSS versus MSI-H tumors, in colon versus rectal cancer, and based on patient age. These data indicate non-equivalent profiles of specific CRCassociated mutations based on subsite, age, gender, and other criteria.
Results
Patient population: age, gender, tumor site, and MSI status. Comprehensive genomic profiling (CGP) of tumor samples by next-generation sequencing was performed in the course of routine clinical care for CRC patients with advanced disease, resulting in the identification of genetic variants as well as biomarkers such as tumor mutation burden (TMB) and microsatellite stability. Characteristics of the patient population are summarized in Fig. 1a , Table 1 , and Supplementary Fig. 1 . The dataset analyzed here is nearly 2-fold greater than the combined previously analyzed patient cohorts reported in publications 23, 24 or developed through the GENIE consortium 25 , or otherwise available at cBioPortal. Comparable to other publicly available sequencing data (PAD) for CRC, the group is 45.2%:54.8% female:male, with a similar age distribution at the time of sequencing, and a similar proportion of 85.3% colon:14.7% rectum.
Among the total set of 13,336 CRC tumors, information on microsatellite stability and quantifying TMB was available for 10,070 ( Fig. 1b ), of which 9615 (95.5%) were MSS and 455 displayed MSI-H (4.5%). While information for neither MSS/ MSI-H nor TMB status was available for 267 patients, information on TMB status only was available for 3266 patients. Using the set of 10,070 tumors as a training set, we determined a threshold of <16 mutations separated 99% of the MSS from 99% of the MSI-H cases ( Supplementary Fig. 2 ). Applying this threshold, we assigned 3096/3266 (95%) additional tumors as likely MSS, and 170/3266 (5%) as likely MSI-H. Combining these specimens with those with known MSS or MSI-H status, we designated 12,711 tumors as MSS/low TMB (subsequently designated as MT-L) and 625 cases as MSI-H/high TMB (subsequently designated as MT-H). Age 40 years has been used to examine the increasing incidence of CRC in young people, due to the lack of CRC screening below age 40 years, thereby removing screening as a source of bias [26] [27] [28] . For some analyses, we chose this as our dichotomous cut-point for age.
In initial control analyses, we benchmarked frequency of MT-H, MSI-H, and TMB-H CRC ( Fig. 1c -e and Supplementary  Fig. 3 ) based on age, gender, and tumor subsite. Results were essentially equivalent among the three groups. MSI and TMB were higher in younger patients, based almost entirely on elevated levels in young males ( Fig. 1c, Supplementary Fig. 2 ). MSI and TMB were also significantly elevated in colon versus rectal tumors, regardless of gender ( Fig. 1d, Supplementary Fig. 2 ), but correlated with younger age ( Fig. 1e, Supplementary Fig. 2 ). Given these similarities, subsequent analyses were based on the larger MT-H versus MT-L cohorts. The complete set of missense mutations in KRAS, NRAS, and HRAS were then analyzed to identify mutational hotspots ( Fig. 2a-c) , and mapped to the protein structure for each RAS protein ( Fig. 2d-k ). This identified 16 mutational hotspots for KRAS ( Fig. 2a ); these included four sites previously reported from a dataset of >1267 CRC tumors 29 , which were a subset of 10 hotspots identified from an analysis of~25,000 tumors of all types 30 , as well as 6 additional sites not previously apparent in analysis of smaller cohorts of CRC tumors (residues V9, V14, R68, R164, K176, and K180). For NRAS (Fig. 2b) , this analysis identified one new hotspot for NRAS mutation (residue P185), in addition to three previously defined hotspots (residues G12, G13, and Q61). For HRAS, no new hotspots were unequivocally identified, although two residues (R164 and P167) were borderline significant ( Fig. 2c ). None of the identified mutations were associated with microsatellite regions.
RAS functions as a molecular switch between the GTP-bound active form and the GDP-bound inactive form. Missense mutations in RAS proteins alter the homeostatic balance between these two forms, either by reducing GTP hydrolysis or by increasing the rate of GTP loading 31 . The most common KRASactivating mutations, in codons 12, 13, 61, 117, and 146, cluster around the nucleotide-binding pocket 16 . Display of the full set of mutational hotspots from KRAS on the three-dimensional (3D) structure of the KRAS protein ( Fig. 2d -g) shows the majority of these clusters in functional domains. One new hotspot (V14) is located within 5 Å of K117; others (e.g., K176, K180) are localized within the C-terminal hypervariable region (HVR). Finally, our analysis did not identify two known hotspots in KRAS (residues K5 and A11), which were described in non-CRC tumors, reflecting known tissue bias in hotspots 30 . Interestingly, enrichment for mutations was observed within two short spans of six amino acids, although not targeting individual residues within the spans. This includes residues 47-52, which encompasses 10 mutations (p = 7.2 E − 03 ), and positions 62-67 (between the 24 , the Dana Farber Cancer Institute (DFCI) 23 , the Genomics Evidence Neoplasia Information Exchange (GENIE) 25 , and The Cancer Genome Atlas (TCGA); population characteristics are also compared to overall population reported in SEER (Surveillance, Epidemiology, and End Results) 1 known Q61 and new R68 hotspots), which encompasses 11 mutations (p = 2.7 E − 04 ). Display of the full set of mutational hotspots from the 3D structure of NRAS ( Fig. 2h , i) shows that the majority of these cluster in functional domains. The new hotspot (P185) is localized within the C-terminal HVR. In addition, a marginally significant potential hotspot (E132; three mutations, p = 0.018) is located in the α-helix between two amino acid motifs (G4, NKXD and G5, EXSAK) that are important for binding the guanine base of the nucleotide 32 . KRAS does not have hotspots comparable to E132 and P185 of NRAS. The G60 hotspot, identified in other cancer types 30 , was not found in our study; however, mutations were enriched overall within the five amino acids immediately upstream of Q61 (amino acids 56-60, seven mutations, p = 5.1 E − 04 ) ( Fig. 2b) .
For HRAS, of the four hotspots previously nominated based on a pan-cancer survey (G12, G13, Q61, K117; 30 ), only one (G12) was also identified in our study ( Fig. 2j , k). However, two previously overlooked residues (R161 and P167) were mutated at a higher frequency than expected (four mutations each; p = 0.007), and an additional four mutations were identified in residues 163 and 164. These above mutations are unusually enriched (p = 2.0 E− 04 ) in a stretch of amino acids located near the N terminus of the HVR (Fig. 2c ). The HVR is distinct between the RAS isoforms and this unusual enrichment of mutations in the N terminus of this region in the HRAS protein may play a role in disease pathogenesis.
Mutational variation between MT-L and MT-H tumors.
We compared the distribution of total alterations in KRAS, NRAS, and HRAS in CRC patients, as a factor of MT-L versus MT-H status ( Fig. 3a) . KRAS mutations were higher in MT-L than MT-H CRC. For NRAS, no significant differences in the total number of mutations were noted between MT-L and MT-H CRC tumors. Surprisingly, even though the total frequency of HRAS mutations was very low in CRC, the frequency of HRAS mutations in MT-H tumors was significantly higher than in MT-L tumors, comparable to that of NRAS mutations. This pattern differed significantly from the pattern observed for KRAS (where the mutation frequency was higher in MT-L CRC) or NRAS (p < 2.2 E − 16 ).
The observed spectrum of KRAS missense mutations also significantly differed between MT-L and MT-H tumors (p = 5.0 E − 04 ) ( Fig. 3b ). G12 mutations predominated in MT-L tumors (69.3%), whereas MT-H tumors had a greater distribution of sites targeted, including G12 (~34%), G13 (~35%), A146 (~9%), and other missense structural variants (SVs) (~22%). Among the G12 mutations, statistically significant differences in codon substitution preference were also observed, with over 77% of MT-H tumors having G12D mutations and no other specific codon substitution comprising an allele fraction >8%, versus MT-L tumors having~44% G12D,~31% G12V,~11% G12C,~6% G12A, and~8% other G12 variants (p = 2.4 E− 08 ) ( Fig. 3c) . This difference likely reflects the fact that G12D changes result from C > T nucleotide changes, which are known to be enriched in MT-H tumors 33 . Variance in patterns of codon substitutions was also observed with other codons (e.g., A146), although with lesser significance due to smaller sample size.
In contrast to the lack of difference in total frequency of mutations, the NRAS mutational spectra differed significantly between MT-H and MT-L tumors (p = 3.2 E− 13 ) ( Fig. 3b ). MT-H tumors were dominated by a large number of low-frequency mutations (~53%), followed by G12 (25%), Q61 (~16%), and G13 (~6%). The most common site of missense mutation in MT-L tumors was Q61 (~52%), with G12 (~33%), G13 (~10%), and other variants (~4%) making up the remainder of single codon substitutions. Due to the small sample size for NRAS alterations, further analysis of specific missense variants was not conclusive, with the exception of the most common variant, G12. In MT-L tumors, over 80% of 178 mutations affecting G12 are the substitutions G12A, G12V, and G12D, while in 8 MT-H tumors, 7 are substitutions to other residues, with G12C being predominant (5/8 samples, compared with only~12% in MT-L (Fig. 3c ).
The number of HRAS missense mutations observed in this dataset was too low for a significant analysis of mutation preference.
Missense mutational frequency and spectrum dependent on age. We analyzed RAS mutations in CRC patients as a continuous variable of age. In MT-L patients, the overall frequency of KRAS alterations increase with age (p = 3.1 E − 03 , Fig. 3d ). In sharp contrast, the incidence of KRAS alterations is reduced with age in MT-H patients (p = 2.1 E − 03 , Fig. 3d ). Among the MT-L patients, the frequency of missense variants in NRAS remained almost constant with age ( Fig. 3d ). For MT-H NRAS mutations, and for all HRAS mutations, there were insufficient numbers to identify significant age-related trends.
We next compared the profile of specific KRAS mutations based on the age of the patient at the time of sequencing. This was done both by considering age as continuous variable and by using age 40 as a stratification point in individuals from 8 to >85 years of age. Analysis of the MT-L cohort by both approaches revealed that the most significant difference in mutational spectra of younger and older patients was the greater incidence of G12 mutations prevalent in younger patients versus the more frequent incidence of A146, K117, and Q61 mutations in older patients, while the incidence of G13 remained the same (p = 1.3 E − 03 ) ( Fig. 4a, b ). Among the G12 mutations ( Supplementary Fig. 4a , b), the frequency of substitution to G12V fraction appears to slightly increase with age, while substitution to G12A and G12C decreases. Strikingly, the overall fraction of Q61 substitutions in the KRAS mutation pool more than doubled in the older group, with 332/6153 (5.2%) variants observed among patients ≥40 years versus 12/482 (2.5%) in patients <40 years (Fig. 4a, c) . Further, some variants, such as the highly transforming Q61K 34 , were only observed in patients ≥40 years, with a linear increase correlating with increasing age (Fig. 4c ). , and HRAS (c), respectively; for KRAS and NRAS, the data are plotted on a logarithmic scale. Red circle indicates missense hotspots (new and previously reported); red stem, hotspot identified in this study. Total number of mutations is provided within parenthesis. Blue triangle, previously reported hotspot not found in this study. Orange bars indicate regions where total mutation frequency is higher than expected. Critical functional domains are indicated; P-loop (salmon), switch I (cyan), switch II (green), and hypervariable region (pink). d-k Alignment of mutations to protein structure for KRAS (d-g), NRAS (h-i), and HRAS (j, k), visualized by PyMOL (http://www.pymol.org). d, f, h, j Font color indicates new hotspots (green), known colorectal cancer (CRC) hotspots (red) detected in this study, and other known hotspots not found in this study (black). d-g GDP-bound full-length KRAS structure 59 (PDB code: 5TAR); two views (d, e versus f, g) of the folded protein, indicates mutations (d, f) and functional motifs (e, g). h, i NRAS structure 32 (PDB code: 5UHV) indicates mutations (h) and functional motifs (i). j-k. HRAS structure 32,60 (PDB code: 1CTQ), indicates mutations (j) and functional motifs (k). Color key: d, f, never mutated, gray; 1-5 times, pale yellow; 6-10 times, yellow-orange (residues 180, 164, 68, 60, 33, and 9); 11-15 times, light orange (residues 19 and 176), 16-20 times, tv_orange (residues 14 and 22); 20-100 times, orange (residues 59 and 117); > 100 times, tv_Red (residues 61, 146, and 13); and >4000 times, firebrick (residue 12). h Never mutated, gray; 1-2 times, pale yellow; 3-5 times, yellow (residues 132 and 185; 185 not shown, 5UHV lacks hypervariable region); 59 times, orange, (residue 13); 204 times, tv_Red (residue 12); 306 times, red (residue 61). j, never mutated, gray; 1 time, pale yellow; 2 times, yellow (residues 7, 20, 68, 123, 129, 131, 134, 135, 158, and 169; 169 not visualizable, 1CTQ lacks hypervariable region); 3-4 times, orange (residue 13, 59, 161, 163, and 167; back view is not visible); 6 times, tv_Red (residue 12) Similar numeric trends in mutational spectrum were observed in the MT-H population, including a greater proportion of G12 and a lesser proportion of A146 and Q61 mutations in the <40 years subgroup, and a greater diversity of mutations in older patients. However, these findings did not reach statistical significance due to lower overall numbers, with only 44/235 (18.5%) of MT-H patients <40 years ( Supplementary Fig. 4c) ; further, trends based on analysis of age as continuous variable were not conclusive ( Supplementary Fig. 4d ).
Based on simple dichotomization (Fig. 4a, right) , or analysis with age as a continuous variable (Fig. 4b, right) , the NRAS mutational spectra did not differ significantly by age in the MSS patients. However, analysis using age as continuous variable suggested a non-linear trend towards a greater proportion of Q61 mutations and a lower proportion of G13 mutants with increasing age, except for the oldest patients (Fig. 4c, right) . More data are needed to confirm the validity of these trends.
Missense mutation variation dependent on colorectal subsite.
Among the 6634 defined missense mutations in KRAS in MT-L tumors, 983 (~15%) were from tumors originating in the rectum and 5651 (~85%) in the colon. For each CRC subsite,~50% of the analyzed tumors had KRAS missense mutations. For the MT-H tumors, the corresponding numbers were 24 (10%) that arose in the rectum and 222 (90%) in the colon. The prevalence of KRAS missense mutations was much higher in patients with rectal cancer (21/35,~60%) than in those with colon cancer (197/590, ~33%) (p = 2.9 E − 03 , Supplementary Fig. 4e ). More specific information about the anatomical subsite of tumors within the colon or rectum was not available, and sample size did not permit detailed analysis of mutation patterns in colon versus rectum for MT-H tumors. The overall KRAS and NRAS spectra for the MT-L subgroup did not differ between the colon and rectum subsites ( Supplementary Fig. 4f, g) . However, one specific codon substitution was observed more commonly in colon tumors than in rectal tumors: Q61K, found in 40 MT-L colon tumors and 4
MT-H colon tumors, but not in rectal tumors (p = 2.8 E − 03 for combined MT-L and MT-H groups, and p = 4.6 E − 03 for MT-L tumors) ( Fig. 4c, right) .
CRC RAS missense mutation variation dependent on gender.
Male patients with MT-L CRC had a slightly reduced frequency of KRAS mutations relative to female patients (49.4% and 53.5%, respectively; p = 2.7 E − 05 , Fig. 3a) . Interestingly, age trends in the Sample size: 25 50 Age ( ARTICLE prevalence of KRAS missense mutations were distinct between males and females (Fig. 4d, left) ; an increase in mutational frequency with age was highly significant for males (p = 3.8 E − 5 ), but not for females. Among MT-H cases, the total prevalence of KRAS mutations was higher in males (39.2% versus 30% in females, p = 0.019, Fig. 3a) . The declining rate of such mutations with age did not reach statistical significance for males (p = 0.036), but did for females ( Fig. 4d , center, p = 7.3 E −04 ). Among specific missense mutations, the overall spectrum was similar between males and females ( Supplementary Fig. 4h) , with the exception of variants in Q61, where Q61K mutations were more frequent in females (p = 1.3 E − 03 ) (Fig. 4c ). g Frequency of specific missense mutations in codons G12 and A146 as a factor of increased copy number in the mutated allele of KRAS, in the context of indicated CNV in the wt allele of KRAS. G12 others refers to combined rare missense mutations in G12 (e.g., G12S) In contrast to the pattern observed with KRAS mutations, the frequency of NRAS SV mutations in MT-H tumors did not differ significantly from that in MT-L tumors (p = 0.08), likely because of the lower number of mutations (Fig. 3a) . Similarly, there was no conclusive evidence for gender-specific age trends for the prevalence of NRAS missense mutations (Fig. 4d, right) , and specific missense amino acid substitutions within NRAS did not show gender-specific variance ( Supplementary Fig. 4i ). For HRAS, no gender-related difference in the prevalence of missense mutations was detected (Fig. 3a) ; there were not enough cases of patients with these mutations to explore gender-specific age trends or gender-specific mutation spectra.
Specific RAS mutation correlation with CNV. Although most studies of RAS activation in cancer focus on the activating role of point mutations, allelic imbalance arising from either the amplification of the mutated allele or loss of the wt allele can affect tumorigenicity and therapeutic outcome 35, 36 . Among all CRC tumors, 225 amplifications (defined as six or more copies) of wt KRAS, 21 of wt NRAS, and 11 of HRAS were observed among 12,711 MT-L tumors, while only one amplification of KRAS and none of NRAS or HRAS were detected in 625 MT-H tumors. Thus, amplifications of wt RAS genes are much more prevalent in MT-L tumors (p = 3.7 E − 04 for KRAS, and p = 8.3 E − 05 for all RAS genes combined) and comprise a much higher fraction of total RAS gene alterations in MT-L tumors (Fig. 5a ), although the numbers did not reach statistical significance except for HRAS (p = 8.4 E −04 ).
We analyzed RAS amplification for association with age or tumor subsite to the extent sample size allowed significant conclusions. There was no difference in the frequency of KRAS amplifications between the colon and rectal subsets, overall. However, greater prevalence of KRAS amplification in CRC patients of younger age achieved borderline statistical significance (p = 5.9 E − 03 , Fig. 5b ). Dichotomization by age 40 years revealed that of 515 KRAS alterations in MT-L tumors from younger patients, 31 were amplifications (5.6%); from 6411 KRAS alterations in patients ≥40, 194 were amplifications in KRAS (2.8%), representing a 2-fold lower level in older patients (p = 6.8 E − 04 ) (Fig. 5c ). Interestingly, KRAS amplifications also relatively frequently co-occurred with a RAS SV mutation in the same patient. Among 6322 MT-L CRCs with a single KRAS alteration (either amplification or SV), only 2.2% bear a KRAS amplification (140 occurrences). In contrast, in MT-L CRCs bearing two or more KRAS alterations, KRAS amplifications represent 83 out of 555 alterations (15%)-almost a 7-fold increase (p < 2.2 E −16 ) (Fig. 5d ).
For NRAS amplifications, no difference was found using dichotomization by age 40 years (Fig. 5c ). However, comparative analysis of amplification rate in patients diagnosed at different age groups suggests that the rate of amplification may decline in tumors arising in older patients (Fig. 5b) . The number of samples with HRAS amplifications was too low for detailed dissection of age-amplification relationships, but age 40 dichotomization also suggests an elevated prevalence in younger patients will emerge in analysis of a larger cohort (Fig. 5c ).
Analysis of the profile of common KRAS and NRAS mutations in MT-L tumors in the context of allelic variation revealed some striking differences between distinct codon variants ( Fig. 5e-g) . Comparison of the pattern of missense mutations to the patterns of allelic gain and loss revealed specific correlations involving some of the more common missense mutations (Fig. 5e ). Mutations affecting KRAS G12, present at 69.3% overall among missense mutations, were much less likely to be found when increasing copies of the mutant allele were present (representing 72.6% of all SV mutations found as one copy, but only 50.9% of the pool of KRAS SV mutations with five or more altered copies; association between copy number and G12 mutation fraction p = 1.73 E − 11 ). The opposite pattern was observed with mutations in KRAS A146, representing 5.8% of overall mutations; 3.6% of samples with a single SV showed a mutation in A146, but 34.5% in samples with five or more mutated copies (p < 2 E − 16 ). In contrast, other missense variants, such as those affecting G13, do not have similar variance as a factor of copy number (Fig. 5e) . A change in frequency of specific mutations based on amplification of the mutated allele was also observed with NRAS; surprisingly, here G12 mutations were more common in the context of higher copy number, whereas Q61 became less common (Fig. 5e ).
Among the more common missense mutations, trends of association with CNV of the mutated allele were most strongly detected for missense variants of G12 and A146. In the setting of 0 copies of wt KRAS, G12 missense mutations were less likely to be amplified, and A146 more likely (Fig. 5f ). As the number of wt copies of KRAS increased, these trends were lost, reflecting a significant relationship between wt copy number and specific mutations (p = 1.5 E − 05 for G12 and 3.8 E −04 for A146). Among specific missense substitutions, G12D and G12V showed strong copy number dependence, but not G12A, C, or S; A146T showed a stronger copy number effect than the less common A146V (Fig. 5g ). These patterns are also more prominent in tumors where the wt KRAS allele has been lost ( Fig. 5g ).
Discussion
Metastatic CRC serves as an example of the importance of molecular characterization in defining the optimal treatment paradigm for an individual patient. A limited number of targeted therapies have been approved for CRC, with anti-EGFR antibodies such as cetuximab and panitumumab the most successful to date. KRAS and NRAS are central downstream effectors of EGFR. Two landmark studies demonstrated improved OS and progression-free survival in patients with wt KRAS treated with anti-EGFR therapy, while showing no benefit to those with KRAS mutations 37, 38 . While initial studies investigated only mutations in codons 12 and 13 of the KRAS gene, additional studies have demonstrated other mutations that predict for resistance to EGFR-targeted treatment, those that do not predict for resistance, and the predictive value of expanded RAS testing, including NRAS and BRAF 37, 39, 40 . Hence, there is considerable value in establishing the overall profile of RAS mutations relevant to CRC.
The large sample size in this study reinforces recent findings of other large studies, and also allows some statistically significant conclusions. As one point of interest, the rate of hypermutated patients observed in this study at 4.5% is significantly lower than that reported by the TCGA and others at~13-15% 24 . This difference reflects the fact that the patients analyzed by FM all presented with metastatic disease. MSI-H CRC has been reported to be less frequently metastatic than MSS CRC, with only 4-5% of stage 4 patients with MSI-H; 41 the frequencies reported here are more likely to be relevant to this advanced population. Others have reported that MSI-H is more common in elderly females due to higher prevalence of CpG island methylator phenotype (CIMP) and MLH1 hypermethylation; 42, 43 this study did not identify such a correlation. This difference, also, may reflect differences in the study pool.
Others have found that KRAS mutant tumors were less likely than KRAS wt tumors to be deficient in mismatch repair pathways (7% versus 14% p < 0.001) 44 , agreeing with the findings of the present study. The data presented here both confirms previously identified mutational hotspots reported for CRC, or for other cancers, and also identifies some new hotspots, including V9, V14, A68, R164, K176, and K180. Some of these (e.g., V14 45 ) have previously been reported in sporadic tumors or in RASopathies, which include Noonan syndrome, Costello syndrome, cardiofaciocutaneous syndrome, and neurofibromatosis type 1 16, 45 , and are typically associated with a milder RAS-activating function. Mutations that lead to these RASopathies impact intrinsic and GEF-induced nucleotide exchange, or affect intrinsic and/or GAP-induced hydrolysis. Modeling of these mutations on the 3D structure of KRAS places these residues adjacent to known critical functional areas for these processes (Fig. 2) . Two previously unreported hotspot mutations, K176 and K180, target the positively charged lysine tract that characterizes the KRAS-4B isoform; interestingly, one study has indicated that these residues interact with high affinity with the GDP-bound Switch1/Switch2 region, leading to the proposal they support auto-inhibition of KRAS 46 , which would provide one potential mechanism for activating function. Another interesting feature of the study is the recognition that specific common mutations are associated in characteristic ways with CNV of either the mutated or wild-type allele, expanding on earlier studies in this area using smaller cohorts 17, 35 .
There is emerging awareness that the clinical behavior of colon cancer is impacted by the specific site of origin within the colon: for example, with tumors on the right side are associated with reduced survival relative to left-sided CRCs, data from multiple clinical trials demonstrating that left-sided colon cancer patients are more responsive to anti-EGFR therapy than right-sided cancers 47 , and an ongoing investigation into whether different mutational spectra exist in left versus right colon 44, 48, 49 . KRAS mutations, for example, have been reported to be more common in proximal and cecal tumors, associated with specific morphological features 50, 51 . While the dataset in this study does not discriminate left from right colon, we did find notable differences in rectal cancers, as compared to colon cancers, including differing mutational spectra.
The age-related differences identified here are intriguing. Examination of young patients with CRC in small studies has shown a greater proportion of CIMP-low tumors in the sporadic (non-Lynch syndrome) cohort 52 . The Wnt/β-catenin pathway has also been identified as more commonly activated in young patients 53 . To date, examination of the RAS pathway in these patients has been limited, and has been inconclusive, with a wide range of rates of KRAS mutations reported in young patients (4-54%) 54, 55 , and no prior investigations into specific mutations are known. Finally, some of the data in this study hints at specific associations connecting age, gender, and tumor subsite with specific mutations. Of particular interest, the Q61K mutation is associated with patients who are older at testing, female, and diagnosed with colon cancer; this intriguing set of relationships suggests that investigation of cross-category linkages may identify unique disease subtypes that bear specific scrutiny. While data regarding specific indication for sequencing is unavailable for the samples in this study, the size of the dataset and varied provenance of the samples decreases the risk of the findings being due to selection bias. Finally, the clinical implications of these data would be illuminated with linked survival data, but these are not available for analysis. Nevertheless, this study and linked dataset should serve as a useful benchmark for future investigations.
Methods
Comprehensive genomic profiling. CGP was performed using the Foundatio-nOne assay (FM Inc., Cambridge, MA, USA), as previously described in detail 56 . Briefly, the pathologic diagnosis of each case was confirmed by review of hematoxylin-and eosin-stained slides and all samples that advanced to DNA extraction contained a minimum of 20% tumor cells. Hybridization capture of exonic regions from 315 cancer-related genes was applied to ≥50 ng of DNA extracted from formalin-fixed, paraffin-embedded clinical cancer specimens. These libraries were sequenced to high, uniform median coverage (>500×) and assessed for base substitutions, short insertions and deletions, copy number alterations, and gene fusions/rearrangements. MSI microsatellite track from the UCSC genome browser was aligned with short variants detected in KRAS and NRAS to determine whether specific mutations were associated with microsatellites. Comparison data sets for studies with information on KRAS and NRAS mutation status, and gender, age, and tumor subsite were collected from the cBioPortal database (http://www.cbioportal. org/index.do).
Statistical assessments of data. The relationships between mutations and patient characteristics were assessed using Fisher's exact tests (including determination of significant difference between the mutational spectra of dichotomized age, gender, or subsite groups) and multivariable logistic regression models. For Fig. 4b, d and 5b, we determined whether age was associated with probability of mutations of interest using Pearson's correlation, weighted to account for uneven sample sizes within age groups. To allow for multiple mutations within a patient, the predictors in these models were binary indicators for the presence/absence of particular mutations of interest. Separate models were conducted for the genes (KRAS/NRAS) and patient characteristics (gender, younger age, tumor site, MSI). Overall significance was assessed using a likelihood ratio test. Conditional inference trees 57 were also used to determine which mutations were most strongly associated with patient characteristics of interest. CNV analyses were conducted using logistic regression analyses in the subgroup of patients with a KRAS mutation. Analyses were done overall and stratified by the number of KRAS wt CNVs. To determine if a frequently mutated site on the RAS proteins constitutes a mutational hotspot, we have used a binominal distribution model with a cumulative probability cutoff of 0.005.
Visualization of folded domains and mutation spectra. Figures were prepared using the program PyMOL 58 . The KRAS structure used is the GDP-bound full-length KRAS4b (PDB code: 5TAR) 59 . The NRAS structure used is the GppNHp-bound NRAS structure, which is 166 residues (PDB code: 5UHV) 32 . The HVR is not represented in this resolved structure. Another available NRAS structure (PDB code: 3CON) was not used as it lacks information on residues 61-71. The HRAS structure 32,60 (PDB code: 1CTQ) used is the GppNHp-bound HRAS structure, which is 166 residues; this structure does not resolve the HVR.
Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
